The compound NdFe2Al10 (Cmcm, space group #63) has been studied by both powder and single-crystal neutron diffraction. Below TN = 3.9 K, the Nd 3+ magnetic moments order in a commensurate magnetic structure, whose unit cell consists of four orthorhombic unit cells stacked along the b direction. It can be described either as double-k [k1 = (0,
I. INTRODUCTION
Orthorhombic compounds with formula CeT 2 Al 10 with T : Ru, Os, Fe have attracted considerable interest recently because they exhibit a very peculiar coexistence of long-range magnetic order and Kondo-insulator properties, 1-3 which has been ascribed to an unusually strong anisotropy of the hybridization between 4f and conduction electron states. 4, 5 The antiferromagnetic (AFM) order reported for CeRu 2 Al 10 and CeOs 2 Al 10 in itself has a number of intriguing features such as the very large value of the ordering temperature T 0 = 27 K in comparison with other RT 2 Al 10 compounds (R: Nd, Gd), 6, 7 the direction of the AFM moment (m AF c) not complying with the single-ion anisotropy (easy a axis), or the lack of transverse ("χ ⊥ "-type) behavior in the temperature dependence of the magnetic susceptibility χ a (T ) for a field applied along a ⊥ m AF , etc. Neutron scattering experiments have clarified several aspects of the magnetic structure [8] [9] [10] (AFM with propagation vector k = (0, 1, 0) and a strongly reduced Ce magnetic moment, on the order of 0.3 µ B ) and dynamics 8, 9, 11 (spin gap and dispersive magnetic excitations forming below T 0 ). The spectrum of magnetic excitations, in particular, points to a strong anisotropy of exchange interactions, which competes with the conventional crystal-field anisotropy.
In an attempt to set an appropriate reference for the exotic magnetism occurring in the Ce compounds, experiments have been carried out on their Nd counterparts, which are likely to exhibit "normal-rare-earth" properties, amenable to a standard description in terms of crystal-field (CF) and Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange interactions. The results reported by Kunimori et al. 7 confirmed this expectation by showing that the anisotropic magnetization (easy a axis) in the paramagnetic regime can be reproduced satisfactorily using a simple two-sublattice mean-field model, with a small CF splitting, imputable to the large distance from the Ce ion to its ligands, and a moderate anisotropy in the exchange interactions. Below the ordering temperature T N = 3.9 K, the ordered moment is oriented along the easy anisotropy axis, and its magnitude looks consistent with the values expected for the Nd 3+ CF doublet ground state. The overall picture is thus that of weakly interacting integral-valence rare-earth ions.
In the present work we have performed neutron diffraction experiments to characterize the magnetic structure of NdFe 2 Al 10 , which could not be determined from magnetic measurements alone. This structure is found to be commensurate with cell dimensions a × 4b × c, and can be derived from the AFM structure of CeRu 2 Al 10 and CeOs 2 Al 10 by a change in the moment direction and the introduction of discommensurations.
II. EXPERIMENTS
NdFe 2 Al 10 was synthesized in single-crystal form starting from 99.9% Nd and 99.995% Fe constituents in a 99.999% Al flux. A powder sample of 6.3 g in mass was prepared by crushing small single-crystal pieces. Neutron powder diffraction (NPD) patterns were collected on the two-axis diffractometer G4-1 (Orphée-LLB, Saclay) equipped with a 800-cell position-sensitive detector. A monochromatic incident neutron beam of wavelength λ i =2.426Å was produced by a pyrolytic graphite (PG002) monochromator, and higher-order contamina- tion was suppressed by means of a PG filter. The sample powder was contained in a thin-walled cylinder-shape vanadium container, 6 mm in diameter, and cooled to 1.7 K in the exchange-gas chamber of a liquid-He cryostat. The data analysis was performed using the Rietveld refinement program FullProf, 13, 14 with neutron scattering lengths and magnetic form factors taken from Refs. 15 and 16, respectively. Absorption corrections were treated as negligible.
A large single-crystal (m = 0.201 g) was mounted on an aluminum sample holder with the a axis vertical, and cooled to 1.7 K in the variable-temperature insert (VTI) of a 7-T, split-coil, vertical-field cryomagnet from Oxford Instruments. Single-crystal diffraction (SCD) experiments were performed on the thermal beam, twoaxis neutron diffractometer Super-6T2 (Orphée-LLB).
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Intensity maps were measured at two incident wavelengths, λ i = 0.902Å (Cu monochromator, Er filter) and 2.345Å (PG002 monochromator, PG filter), by rotating the sample around the vertical axis with 0.1
• steps and recording the diffraction pattern in a Bidim26 multiwire position-sensitive gas detector (PSD) developed at the ILL (Grenoble) and manufactured by INEL (Artenay, France). This procedure allowed us to explore a large three-dimensional (3D) segment of the reciprocal space by transforming a complete set of PSD images into the reciprocal space of the crystal. For quantitative refinements and studies of temperature and magnetic field dependences, the configuration was changed to a single lifting counter, with 20 ′ Soller collimators. An extensive data set was collected at λ i = 0.902Å in zero field at the base temperature, and more restricted ones at T = 2.7 K and at H = 2.6 T. The results were analyzed using the Cambridge Crystallography Subroutine Library (CCSL).
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III. RESULTS
A. Crystal structure
The room-temperature (RT) crystal structure was first checked on the high-resolution powder diffractometer 3T2 (Orphée-LLB), using an incident neutron wavelength λ i = 1.2251(2)Å. The diffraction pattern is shown in Fig. 1 . The parameters derived from the Rietveld refinement, listed in Table I , are in excellent agreement with the space group, lattice constants, 12, 19 and atomic parameters 12 determined previously by x-ray diffraction.
B. Magnetic structure: powder diffraction
The NPD pattern measured on G4-1 for T = 1.7 K is presented in Fig. 2 . Magnetic superstructure peaks are clearly visible at low scattering angles. However, these peaks cannot be indexed in the original Cmcm space group using a single k vector. The reason, made obvious from the positions of the Bragg spots in the single-crystal map to be discussed in the following, is that ±k satellites occur not only at the positions of the allowed nuclear reflections but also, with even larger intensities, at positions which are forbidden by the centering of the unit cell. If one simply relaxes this extra condition and treats the magnetic superstructure in the primitive orthorhombic lattice, then all satellites can be indexed using the single propagation vector k 1 = (0,
On the other hand, the nuclear reflections measured in the same temperature range give no indication of a symmetry lowering with respect to the Cmcm space group assigned from accurate x-ray diffraction measurements at room temperature, 12, 19 and confirmed on the present sample by the neutron data from 3T2 (Sect. III A). In fact, it turns out that an alternative description of the same diffraction pattern can be achieved within the original space group, provided one introduces a second wave vector k 3 = 3k 1 = (0, 3 4 , 0). Formally, this vector can be regarded as a third harmonic of k 1 but, unlike the case of modulated structures exhibiting gradual squaring as temperature goes to zero, here the magnitude m 2 of the Fourier component associated with k 3 largely exceeds the value 1 3 m 1 corresponding to a fully squared modulation. In the following, the single-k notation within the primitive space group will be used for convenience when referring to particular reflections. For instance, 100 + (rather than 110 3− ) will denote the peak measured at Q = (1, 0.25, 0), although 100 does not fulfill the h + k = 2n reflection condition of the Cmcm space group.
Because the diffraction pattern was measured at T = 1.7 K ≈ 0.4T N , we have supposed that the structure consists of saturated Nd magnetic moments of equal size, which means, for the particular value of k 1 = (0, 1 4 , 0) (in the primitive description), four "+ + --" sequences propagating along b on four independent P sublattices. Indirect support for this assumption comes from the fact that it provides a natural explanation for the existence of a second k vector in the C description-or the decoupling of "base-center" and "base-corner" sites in the P description: this condition is necessary for constantmoment solutions to exist with a periodicity of 4 unit cells along the b direction.
We have carried out a systematic investigation of all possible phase relationships between the four magnetic sublattices that produce constant moments at the Nd sites and no net magnetization. From a total of 256, only 24 correspond to distinct magnetic structures, for which FullProf refinements were performed. The best fit, represented by the solid line in Fig. 2 , has a magnetic R- • , which already exist above T N and up to RT) is some overestimation of the intensity of the 001 ± and/or 100 ± magnetic satellites. The refinement is very sensitive to the orientation of the moments, which are unambiguously parallel to the easy a axis, as was inferred earlier from the bulk magnetization measurements. 7 The magnetic R-factor for the next best solution is 33 (36), indicating that the agreement with the experimental data is significantly worse (it completely fails, e.g., to account for the strong intensity of the 010 − peak near 2θ = 10 • ). Relaxing the condition of equal moments at all sites, i.e. allowing solutions with moment amplitude modulations, did not yield meaningful improvement [R-factor = 18 (21) ].
With increasing temperature, the magnetic signal decreases gradually and the refinements lead to the temperature dependence of the Nd magnetic moment plotted in Fig. 4 , which vanishes above the Néel temperature T N = 3.9 K. Surprisingly, no indication of a change in the magnetic structure could be observed near the temperature of 2.3 K, at which anomalies were observed in specific heat, 7 µSR, 20 and electrical resistivity 21 measurements.
C. Magnetic structure: single-crystal diffraction * from nuclear peaks. However, even stronger magnetic reflections exist near some of the extinct positions (e.g. 013 ± ). As mentioned in Sect. III B, these satellites can still be indexed in the Cmcm space group (two oC Nd Bravais lattices) by adding the second wave vector k 3 = (0, 3 4 , 0), although the primitive orthorhombic description (four oP Nd Bravais lattices) can be adopted for convenience in the calculations.
To study the higher layers h = 1 and 2, it was necessary to use a shorter wavelength λ i = 0.902Å with the Cu monochromator to remain within the solid angle covered by the detector and the vertical opening of the cryomagnet. The maps measured at T = 1.7 K for h = 1 and 2 are shown in Figs. 5(b) and (c) (for h = 0, the results are consistent with those of Fig. 5(a) , but only the stronger k 3 satellites can be detected). The map for h = 2 is qualitatively similar to that for h = 0, but few satellites remain observable. For h = 1 reflection conditions reduce to: k odd. Again, the stronger k 3 satellites occur near forbidden (k = 2n) reciprocal lattice points. These observations are fully consistent with the magnetic structure suggested from the NPD results.
Measurements performed using the lifting counter further confirm the validity of this solution. The (0, k, 3) longitudinal scan along the b * direction presented in Figure 6 demonstrates that the b * component of the k vector is locked at the commensurate value been collected at the base temperature of 1.7 K by performing rocking curves through the nominal peak positions. Figure 7 shows that there is a good linear correlation between the measured F obs (square root of the intensity corrected for the Lorentz factor) and F calc , the component normal to the scattering vector of the calculated magnetic structure factor (including the magnetic form factor and corrected for extinction effects). The refinement has a reliability factor of 16% (all reflections included), and yields an ordered magnetic moment of 1.95(7) µ B on the Nd ions, slightly larger than that obtained in the NPD measurements.
In Fig. 4 , the square root of the integrated intensity However, more careful examination of the temperature dependence of a representative set of magnetic reflections indeed reveals that their integrated intensities do not change by the same ratio between 1.7 K and 2.7 K. As can be seen in Fig. 8 , some peaks exhibit significant (either positive or negative) deviations with respect to the general intensity decrease occurring as temperature goes up. This observation suggests that a minor change in the magnetic structure may take place near 2.5 K in connection with the anomaly observed in other physical properties, even though the k-vectors k 1 and k 3 remain unchanged. With the limited number of reflections (33) collected at T = 2.7 K in the present experiment, it was not possible to reliably solve the magnetic structure. It would also be worthwhile to trace the temperature dependence of the intensities for selected reflections with contrasting behaviors in the temperature range of interest. , 0)] in a magnetic field H a at T = 1.6 K.
D. Magnetic field effects
Single-counter measurements have been performed in magnetic fields of up to H = 2.6 T applied along the a axis (parallel to the ordered Nd moments). The peak intensity I 010 − of the Q = (0, − 5 4 , 0) magnetic satellite was traced in an increasing magnetic field at T = 1.7 K [ Fig. 9(b) ]. One observes a steady decrease, with the intensity dropping to zero at about 2.45 T. In their magnetization measurements, Kunimori et al., 7 observed a steplike increase in M (H) at T = 1.4 K for H a, at a transition field of H c = 2.45 T, in agreement with the present data.
Integrated intensities were measured for a limited set of magnetic reflections in a field of 2.6 T. The data reveal that, while the magnetic signal associated with the k 1 wave vector becomes completely suppressed or barely detectable at this magnetic field for some of the satellites [010 − or 030 − , see Fig. 9(a) , right], as expected from the curve in Fig. 9(b) , it remains sizable for others, such as 020 − [ Fig. 9(a) , left]. This implies that the order achieved in this region retains a staggered component associated with the same wave vector as in zero field, and the fully-polarized state is not yet achieved.
IV. DISCUSSION AND CONCLUSION
In the previous sections, we have demonstrated that the ordered magnetic structures formed in NdFe 2 Al 10 below T N = 3.9 K are far less simple than the antiferromagnetic order with k = (0, 1, 0) reported previously for CeRu 2 Al 10 and CeOs 2 Al 10 . [8] [9] [10] 22 Depending whether the crystallographic space group is assumed to remain Cmcm or to undergo a (as yet undetected) symmetry lowering to a primitive orthorhombic unit cell, the order of the Nd moments can be described as either doublek (k 1 and k 3 = 3k 1 ) or single-k (k 1 alone), with k 1 = (0, 1 4 , 0). At the base temperature of T min ≈ 1.6 -1.7 K, the powder and single-crystal data can be consistently accounted for assuming a collinear (m Nd a) structure with constant magnetic moments of ≈ 1.75(4)µ B (NPD) or 1.95(7) µ B (single-crystal diffraction), consistent with the value of 1.91µ B expected for the Nd 3+ CF doublet ground state derived in Ref. 7 .
In intermetallic lanthanide compounds, couplings between 4f magnetic moments are usually dominated by RKKY interactions, and the wave vector of the structure is thus sensitive to peculiarities of the Fermi surface, which are beyond the scope of this work. However, to try and quantify the competition between the 24 different constant-moment structures (Sect. III B) consistent with the k 1 (and k 3 ) wave vectors, one can calculate the corresponding exchange energies, assuming couplings extending to the third nearest neighbors (Fig. 3) . The results show that the structure derived from the refinements is actually that which minimizes the energy (E = −8J 1 − 8J 2 + 8J 3 ) in the case when all three couplings are AFM (defined here as J > 0 for convenience) and satisfy J 1 > 2J 3 (1), and J 2 > J 3 (2) . This condition is not unreasonable since the distance to the first neighbors is significantly shorter than that to the second and third neighbors.
It is easy to see in Fig. 3 that AFM couplings to the first and second neighbors (J 1 and J 2 ) can be simultaneously satisfied if the spin sequence (from left to right) is changed to "+ + --+ + --", i.e. blue and red moments up, yellow and green moments down. This sequence actually corresponds to that observed in CeRu 2 Al 10 and CeOs 2 Al 10 (except for the Ce moments oriented parallel to c), and it can be described in the Cmcm space group by the simple wave vector (0, 1, 0). In this structure, all third-neighbor pairs are ferromagnetic (FM) and, in Ref. 11, magnetic excitation spectra of CeRu 2 Al 10 in the AFM state could be reproduced assuming exchange interactions with J 1 (predominant and anisotropic) and J 2 AFM, and J 3 FM. It can be noted that, in the YbFe 2 Al 10 structure, there is one transition-metal atom lying between third-neighbor rare-earth ions, which can explain why J 3 can change significantly from one compound to another. In TbFe 2 Al 10 , Reehuis et al. 23 have observed a commensurate magnetic structure below T = 11 K, with cell dimensions a×5b×c, which results from the squaring of the sine-wave modulation of the Tb moments appear-ing at T N . This structure is quite similar to that found in the present compound, apart from the change in the period along b from 4 to 5 unit cells.
The structure determined above for NdFe 2 Al 10 suggests that J 3 is now AFM. It can be obtained from the k = (0, 1, 0) structure by flipping a block of 8 consecutive magnetic planes in the original " . . . +) (+ -) (-+) (+ -) (-+) (+ -) (-+) (+ -) (-. . . " stacking (brackets denote near-neighbor AFM pairs strongly coupled by J 1 ), to get ". . . +) (+ -) | (+ -) (-+) (+ -) (-+) | (-+) (+ -) (-. . . " (vertical bars delimit the reversed range). The new sequence is identical to that shown in Fig 3. If one denotes the near-neighbor AFM pairs (forming alternating zigzag chains along c) as A ≡ "+ -" and B ≡ "-+", it is clear that the change from ABABABAB to A|ABAB|BAB can be described as the appearance of discommensurations. Similarly, the structure found in TbFe 2 Al 10 can be written as A|ABABA|ABAB, i.e. with a longer interval between discommensurations. Such steplike reversals of the moment direction reflect the constraint imposed on the system by the strong J 1 couplings, which prevent it from adapting smoothly to a change in the wave vector of the interactions.
At the borders of one flipped block, J 2 couplings become frustrated (FM), whereas initially FM J 3 pairs become AFM. Correspondingly, the exchange energy E changes from −8J 1 −16J 2 +16J 3 to −8J 1 −8J 2 +8J 3 , and the spin reversal will thus produce a more stable structure only if J 3 is larger than J 2 . This, unfortunately, is in contradiction to condition (2) above. Therefore, while the comparison of exchange energies provides a hint as to why this particular {k 1 , k 3 } structure occurs rather than another, it cannot explain simultaneously why a {k 1 , k 3 } structure occurs in the first place, rather than k = (0, 1, 0) anti ferromagnetism as in CeRu 2 Al 10 . A more realistic model, e.g. taking into account more distant neighbors and/or anisotropic couplings, is necessary to solve this problem.
The existence of a second phase transition below T N , at about 2.5 K, is supported, in the present experiments, by the redistribution of intensities amongst magnetic satellites observed between 1.7 and 2.7 K (wave vector unchanged), but the exact structure formed in the intermediate temperature range remains to be determined precisely. Concerning the effect of a magnetic field at the lowest temperature, the jump at H c = 2.45 T in the magnetic isotherm reported in Ref. 7 leads to an intermediate magnetic phase in which some satellites associated with the (0, 1 4 , 0) wave vector, in particular 020 − , retain finite intensities at 2.6 T. A similar situation has been reported previously for TbFe 2 Al 10 , where a magnetic transition occurring at 0.8 T was interpreted as a spin-flip process, due to the large magnetocrystalline anisotropy, whereby some of the first-neighbor pairs switched from AFM to FM (Fig. 4 in Ref. 23) . In that case, however, a second, metamagneticlike, transition from this ferrimagnetic state to the fully-polarized state took place at a higher field of 1.8 T. In NdFe 2 Al 10 , the magnetic isotherm exhibits a shoulder above the transition at H c , finally reaching saturation, with a week final slope, above 4 T. 7 This behavior suggests a different mechanism, possibly of the spin-flop type. The fact that the intensity of the 020 − reflection does not vanish above H c implies that the moments cannot be oriented along b (only magnetic components perpendicular to the scattering vector Q b contribute to the neutron signal), a rather natural result since b is the hard anisotropy axis, according to magnetization data.
7 . Additional measurements are needed to ascertain the direction of the AFM component in this state, but the c direction seems the most plausible.
Finally, the contrast between the commensurate order occurring in NdFe 2 Al 10 or TbFe 2 Al 10 and the simple AFM one found previously in their cerium-ruthenium and cerium-osmium homologues can be explained by relatively minor changes in the magnitude of the exchange interactions, in particular the coupling J 3 between third neighbors. However, this similarity may be deceiving because the microscopic description of the Ce compounds has been argued to involve a prominent role of anisotropic c-f hybridization, with a strong feedback on the magnitude and anisotropy of exchange interactions..
